hydrogenase ͉ iron ͉ nickel ͉ thiolates ͉ density functional theory calculations H ydrogenases catalyze the reversible oxidation of molecular hydrogen and play a vital role in anaerobic metabolisms of a wide variety of microorganisms (1, 2).
H
ydrogenases catalyze the reversible oxidation of molecular hydrogen and play a vital role in anaerobic metabolisms of a wide variety of microorganisms (1, 2) . [NiFe] hydrogenases are particularly interesting because of their heterobinuclear active site and have been studied extensively (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Thiolate-bridged heterobimetallic Ni-Fe complexes, therefore, have also received considerable attention because of their importance as structural, spectroscopic, and functional models for the active site of the enzyme (13) (14) (15) . The structure of the oxidized inactive form of [NiFe] hydrogenase in Desulfovibrio gigas has been determined by x-ray crystallography (4, 5) and confirms an unusual heterobimetallic Ni-Fe core incorporating two terminal thiolates and two bridging thiolates at the Ni ion, with the bridging thiolates binding to a Fe(CN) 2 (CO) fragment with a Ni-Fe separation of 2.9 Å (Fig. 1) . The vast majority of low-molecular-weight mimics have sought to model these structural patterns and this Ni-Fe separation (13) (14) (15) .
Of particular interest to us was the reported x-ray absorption study of [NiFe] hydrogenase from Chromatium vinosum that estimated the Ni-Fe separation as 2.5-2.6 Å in the reduced and active Ni-SI form of the enzyme (16) . This finding was further supported by theoretical (17) and mechanistic (18, 19) studies that suggest a shorter Ni-Fe separation (2.5 Å) in the active form of the enzyme compared with that observed in the structure of its oxidized, inactive form (2.9 Å) (4) . Furthermore, recent crystal structure determinations of [NiFe] hydrogenases from Desulfovibrio vulgaris Miyazaki F (8) and D. gigas (11) also exhibit shorter Ni-Fe separations (2.55 and 2.53 Å, respectively), while Cramer and coworkers (20) have identified spin-state changes brought about by stereochemical distortion and͞or addition of further ligands at the active site. We therefore were challenged to synthesize low-molecular-weight heterobinuclear Ni-Fe complexes that would mimic not only the short Ni-Fe distance of the Ni-SI, Ni-C, and related reduced centers, but also to model the proposed stereochemical distortions and spin-state changes at the Ni center on binding to Fe fragment(s).
Materials and Methods
All operations were carried out at room temperature under a pure argon atmosphere by using standard Schlenk techniques. [Ni(pdt) (dppe)] (21, 22) and [Fe(CO) 3 (BDA)] (23) (pdt, propanedithiolate; dppe, 1,2-diphenylphosphinoethane; BDA, benzylidene acetone) were prepared by methods described in the literature. Fe 2 (CO) 9 and Fe 3 (CO) 12 were purchased from Aldrich and used as received. All solvents were dried and distilled before use. CH 2 Cl 2 was distilled from CaH 2 and benzene from Na͞benzophenone ketyl under argon. All calculations on complex 3 were carried out with the program ORCA (24) . The functional for the geometry optimization was BP86 (25, 26) , and the basis set was TZVP on ligands and TZV(2p1f) on metals (27) ; exponents of polarization functions were taken from the TURBOMOLE library (ftp:͞͞ftp.chemie.unikarlsruhe.de͞pub͞basen), and unconstrained geometry optimizations were carried out for (i) the closed shell state and (ii) the triplet state, the broken-symmetry calculation collapsing back to the closed shell state. In addition, B3LYP calculations (28) (29) (30) at the closed shell optimized geometries were carried out by using (i) a closed shell calculation, (ii) a triplet calculation, (iii) broken symmetry calculations, (iv) a quintet calculation, and (v) a septet calculation. The bonding was analyzed in terms of localized molecular orbitals (MOs) according to the Pipek-Mezey criterion, and NBO analysis used the ''gennbo'' code developed by Weinhold and coworkers (31) , which is interfaced to ORCA (24) .
All experimental conditions and procedures, spectroscopic data, and details of characterization of complex products are given in Supporting Text, which is published as supporting information on the PNAS web site. Crystal structure data for complexes 1-7 and for [Ni(pdt)(dppe)] have been deposited with the Cambridge Crystallographic Data Centre, Cambridge CB2 1EW, UK (CSD reference nos. 273628-273635, respectively). (Fig. 4) , shows the Fe ion center in C S symmetry bound to two S-donors bridging from Ni and a Cp Ϫ fragment. The Ni center has a distorted square pyramidal geometry with the thioether S-center occupying the apical position. The Ni-S-Fe bridging angle of 81.8°and the Ni-Fe separation of 2.539(4) Å are excellent matches for the structural parameters found in hydrogenase enzymes (Table 1) . Interestingly, the Ni(II) precursor [Ni(L 2 )] is paramagnetic ( ϭ 2.13BM), consistent with a five-coordinate stereochemistry. However, the adduct
Results and Discussion
ϩ is diamagnetic despite its formal 5-coordination (6-coordination if one includes a Ni-Fe bond) at Ni(II) (see below).
] species is modulated to give diamagnetic 2. The diamagnetism of 2 may suggest some interaction between the Ni and Fe centers. Furthermore, by redistributing the donor ligand set at the Ni center in these formal 34-electron systems, the Ni-Fe separation contracts significantly from 3.1727(6) Å in 1 to 2.539(4) Å in 2. Complexes 1 and (Table 2) , as also illustrated by 1 and 2. This approach, however, has the major disadvantage of closely coupling the bridging thiolates to the other donor centers bound at Ni, thus inhibiting or prohibiting coordinative twist and stereochemical changes at the Ni center. We argued that by decoupling these bridging and terminal ligand donors at Ni, we would be able to more accurately monitor distortion(s) at the Ni-thiolate center on binding to Fe fragments. We chose the common chelating phosphine dppe and the bridging pdt 2Ϫ as the ligands to Ni. We recognized that the overall stability of heterobinuclear products would necessarily be reduced using this approach, making the synthesis and isolation of such species much more problematic, and, indeed, this prediction turned out to be the case.
The structure of [Ni(pdt)(dppe)] (see Fig. 11 , which is published as supporting information on the PNAS web site) confirms the expected square planar geometry at Ni(II) with the P-Ni-P angle more acute and the S-Ni-S angle (96°) more obtuse than 90°as a result of the differing carbon chain lengths (C 2 and C 3 , respectively). Reaction of [Ni(pdt)(dppe)] with Fe 3 (CO) 12 3 ]. The single crystal x-ray structure of 3 ( Fig.  5 ) confirms that the Ni center adopts a distorted tetrahedral NiS 2 P 2 arrangement. Thus, the Ni center has undergone a complete tetrahedral twist on binding the square planar precursor [Ni(pdt)-(dppe)] to Fe(CO) 3. The coordination geometry at Fe is squarebased pyramidal, with two CO ligands and two thiolate donors forming an almost perfect plane, with the third CO positioned at the apical site and slightly bent with a Fe-C-O angle of 176°; a slightly bent CO ligand is also observed in the enzyme (4, 5) . The MS 2 M core in 3 is V-shaped and the dihedral angle of 80.3°between the NiSS and FeSS planes is comparable with that in the enzyme (Table 1) . Significantly, the Ni-Fe distance of 2.4666(6) Å in 3 models the Ni-Fe separation in the reduced and active form of the enzyme ( Table 1 ). The complex is diamagnetic even though the NiS 2 P 2 coordination sphere is tetrahedral (see below).
An alternative and more effective method of preparing 3 is via reaction of [Ni(pdt)(dppe)] with [Fe(CO) 3 (BDA)] in benzene at 25°C for 12 h followed by reaction at 46°C for 2 h (Fig. 6 ). This highly sensitive reaction can be monitored by IR and 31 P NMR spectroscopy, allowing us to follow the formation of product and consumption of starting materials, and gives 3 in up to 20% yield. Complex 3 is unstable in solution, and reaction at 46°C in benzene for 2 h affords a rearrangement product, which has been confirmed to be [(OC)Ni(-dppe)(-pdt)Fe(CO) 2 ] 4 by single crystal x-ray diffraction (Fig. 7) . Complex 4 is an isomer of 3 in which a CO ligand has transferred from Fe to Ni, and one of the P-donors of dppe has transferred from Ni to Fe. Complex 4, like 3, is diamagnetic and shows a tetrahedral coordination sphere based on NiCS 2 P donation with a dihedral angle between NiS 2 and NiCP planes of 82.2°, Ni-Fe ϭ 2.4777(7) Å, and a dihedral angle at the Ni-S 2 -Fe butterfly of 79.5°. By careful control of reaction conditions and times, 4 can be prepared in up to 45% yield starting from [Ni(pdt)(dppe)] (Fig.  6) . A range of side products also can be isolated and͞or spectroscopically detected including [Ni(dppe)(CO) 2 ] and [(OC) 3 Fe(pdt)Fe(CO) 3 ], confirming exchange of CO between Fe and Ni centers, and the dissociation of pdt 2Ϫ from Ni(II). Indeed, the trinuclear complex [(dppe)(CO)Fe(-CO)(-pdt)Fe(-pdt)Fe(CO) 3 ] 5 (see Fig. 12 , which is published as supporting information on the PNAS web site) can be isolated in up to 20% yield and crystallographically characterized. Thus, scrambling of both dppe and CO and pdt 2Ϫ between Ni and Fe centers can occur readily in these systems reflecting the relative lability of these donor ligands at these metal centers.
Reaction of [Ni(pdt)(dppe)] with [FeCp(CO) 2 I] in CH 2 Cl 2 overnight followed by the addition of NH 4 PF 6 and stirring for another 24 h affords two products, [(dppe)Ni(-pdt)Fe(CO)Cp]PF 6 , 6, and [(dppe)Ni(-pdt)(-I)Ni(dppe)]PF 6 , 7 (Fig. 8) . The crystal structure of 6 (Fig. 9) shows a slightly distorted square planar NiS 2 P 2 core [sum of cis angles is 360.1°with S(1) lying 0.190 Å out of the
Ni-P(1)-P(2)-S(2) plane] bound to a [FeCp(CO)]
ϩ unit via two bridging 2 -thiolate centers. The Ni-Fe distance of 2.7795(9) Å is elongated compared with that observed in 2, 3, and 4. Complex 7 (see Fig. 13 , which is published as supporting information on the PNAS web site) is a very rare example of a iododithiolate-bridged complex and is reminiscent of the Ni-(RS) 2 X-M bridging observed in the crystal structure of the oxidized inactive form of the active site in D. gigas (4, 5) and the hydride bridged so-called Ni-C state of the enzyme (18, 19) .
Calculations. The diamagnetism of the 34-electron complexes 2, 3, and 4 are of particular interest because, at first glance, a tetrahedral Ni-site implies a paramagnetic metal center, and the observed diamagnetism would then arise from extensive spin-coupling to an open-shell iron fragment. In addition, the relatively short Ni-Fe distances in these complexes suggested also that these species might incorporate a formal metal-metal bond. We, therefore, undertook a careful density functional theory investigation on complex 3, [(dppe)Ni(-pdt)Fe(CO) 3 ], with particular emphasis on the possibility that the Ni and Fe fragments may have open-shell character. Thus, geometry optimizations were carried out for a closed-shell singlet as well as for a triplet state, which would feature two ferromagnetically coupled electrons. The observed diamagnetism is of course only consistent with antiferromagnetic coupling, but the optimized geometry for ferromagnetic alignment is usually a good approximation to the geometry of antiferromagnetically coupled centers. Interestingly, the optimized geometry for the closed-shell singlet state is in much better agreement with the structure determined by x-ray crystallography than the structure optimized for the S ϭ 1 state (see Table 3 , which is published as supporting information on the PNAS web site). In particular for the closed-shell state, the predicted Ni-Fe distance is accurate (2.448 calc Å vs. amino-N,N,N-tris(ethylthiolato) 2.467 exp Å), as is the bonding of the Fe center to the CO ligands. The errors in the C-O distances are somewhat larger than expected, however, perhaps indicating slightly exaggerated Fe-CO backbonding. The bonds to the bridging thiolate centers show slightly larger errors but this result is usual in density functional theory calculations of this type, which tend to overestimate these bond lengths by Ϸ0.05 Å. The energies of the different states at the closed shell optimized geometry were calculated at the B3LYP level (see Table 4 , which is published as supporting information on the PNAS web site). From this analysis, it is evident that the closed-shell wavefunction has by far the lowest energy (at least 16.3 kcal͞mol below the next spin state S ϭ 1), which, together with the much more accurate predicted structure, provides strong evidence against any open-shell character in 3. The most convenient way to interpret these results in terms of familiar chemical concepts is to employ a localized orbital description analysis. In the present case we can observe four MOs with dominant (Ͼ75%) Ni 3d character, and three MOs with dominant (Ͼ70%) Fe 3d (t 2g ) character, which are, as expected, strongly backbonding with respect to the CO-* orbitals (see Fig.  14 and Table 5 , which are published as supporting information on the PNAS web site). In addition, we find one MO that is composed of the bonding combination of the Ni-d z2 and the Fe-d z2 orbital, and this MO is doubly occupied. Because the localized orbital description will not show a bond where there is none, this result suggests that there is a standard two-center, two-electron bond between the Ni and the Fe centers (Fig. 10) and immediately also raises the question about the correct formal electron count. Because we have four doubly occupied Ni orbitals and three doubly occupied Fe orbitals plus, upon homolytic scission of the metal-metal bond, one additional electron at each center, we arrive at formal oxidation states of Ni(I) (d 9 ) and Fe(I) (d 7 ). The two singly occupied MOs of these S ϭ 1͞2 configurations then interact to form a reasonably strong covalent bond to give an overall closed-shell species with a ground-state spin of zero. Presumably because of the constraints imposed by the ligand framework, the bond is bent and has a slight polarity with the ''negative'' end at the Ni (contributing 52%) and the ''positive'' end at the iron (contributing 35%). This polarity is presumably because of the higher electronegativity of Ni(I) compared with Fe(I), which is expected on the basis of the increased effective nuclear charge of nickel vs. iron arising from incomplete shielding of the nuclear charge by the 3d electrons. The partial occupancy of the Fe e g shell is visible in the Fe-S bond distances, which are fairly long, and longer than in typical low-spin Fe(II) or Fe(III) complexes with thiolate donors. We can consider also heterolytic scission of the metal-metal bond to give Fe(0) and Ni(II) as fragments; however, in 3 the Ni-Fe bond is too covalent to imply this picture. The overestimation of Ni-Fe distances in the triplet calculation becomes understandable if one considers that this state involves the occupation of the Ni-Fe-* orbital by one electron, thus weakening the bond.
This interpretation of the bonding is fully consistent with the results of the population analysis (see Supporting Text). Complex 3, therefore, may be regarded as incorporating a reasonably strong covalent -bonding interaction between the two singly occupied MOs of a Ni(I) (d 9 ; S ϭ 1͞2) and a low-spin Fe(I) (d 7 ; S ϭ 1͞2) center. The bond is so strong that the term ''antiferromagnetic coupling'' between two paramagnetic ions does not apply. Thus, the Fe center has a pseudooctahedral coordination whereas the Ni site may be best described as distorted trigonal bipyramidal. The Fe center features, as expected, large backbonding interactions with the CO groups with an electronic configuration of (t 2g ) 6 orbital highest in energy, and, therefore, the single electron can pair efficiently with the single unpaired electron in the e g shell of the Fe(I) center. (Table 1) . Table 2 summarizes these structural data together with data for the other low-molecular-weight model complexes reported in the literature. It can be seen that the complexes reported herein represent a previously undescribed class of low-molecular-weight structural mimics that incorporate both 4-and 5-coordinate Ni centers linked to 5-coordinate Fe centers linked via dithiolate bridges. By decoupling the capping groups, in this case diphosphine (dppe) on Ni from the bridging thiolates (pdt 2Ϫ ), we have confirmed the modulation and stereochemical distortion of the square-planar Ni(II) center in [Ni(pdt)(dppe)] on binding to an Fe(CO) 3 fragment to give a tetrahedral NiS 2 P 2 coordination in complex 3. The diamagnetism of 3 (and by implication that of 2 and 4) are linked to the relatively short Ni-Fe distance and the formation of a bent Ni-Fe -bond in these S ϭ 0 systems. These studies open the fascinating possibility that at least some of the states of [NiFe]hydrogenase may involve significant metal-metal bonding interactions. Furthermore, the potential for CO transfer between Fe and Ni centers and binding CO at Ni has been confirmed in the model complexes, a reactivity profile that may also be available to the biosite (49) . It is of note that the transfer and binding of CO to a Ni-(cysteinate)thiolate center has been proposed for the catalytic mechanism of acetyl CoA synthase (50) . The coordination of discrete Fe(CO) 3 fragments to a Ni thiolate complex to form a binuclear Ni-dithiolate-Fe(CO) 3 complex has no precedent in the literature. 
Conclusions

